ABSTRACT. Wedescribe here the use of a con focal laser scanning microscope for imaging fast dynamiĉ changes of the intracellular calcium ion concentration ([Ca2+]i) in isolated ventricular cell pairs. The scanning apparatus of our system, paired galvanometer mirrors, can perform narrow band scanning of an area of interest at a high temporal resolution of less than 70 msec per image. The actual [Ca2+L is obtained directly through the fluorescence intensity of injected fluo-3, which responds to changes of [Ca2+L in optically sectioned unit volumes of the cell. Images of the calcium wave obtained during propagation between paired cells revealed that the wave front is contant in shape and propagates at constant velocity without any delay at the cell-to-cell junction. The con focal laser scanning microscope with depth-discriminating ability is a valuable tool for taking pictures of the sequence of biological events in living cells.
15). However, the conventional models, while providing densitometric or topological information on biological substances, were not adequate for the dynamicanalysis of events in living cells because their usual scanning speed was over 1 sec per frame. The development of specific and stoichiometric fluorescence reactions has enabled us to perform a quantitative analysis of [Ca2+]i oscillation (7, 17) with video microscopy, which has become a dependable technique for morphological or stereoscopic investigations. By using a quantitative fluorescence reaction, it is at least theoretically possible to determine the concentration of a specific substance with CLSM through the pixel values of the frame memory,even for a minute amountof material far below the limit of the spatial resolution of a routine transmitted-light microscope. Although a few authors have attempted fluorescence quantification by CLSMin living cells (5, 12) , an accurate densitometric + To whomcorrespondence should be addressed. Abbreviations: CLSM,con focal laser scanning microscope. analysis has not yet been performed. Wehave recently developed a newcon focal laser scanning microscope employing an inverted optical system which can be used for electrophysiological experiments. This instrument has a flexible choice of scanning modes and several advantages for observing moving objects: 1) a faster scanning speed of up to 0.25 sec per frame including line scan, fast horizontal and vertical full-frame scan (9) and a faster horizontal narrow band scan mode, 2) an efficient optical path specially designed for the inverted fluorescence microscope system, 3) direct transfer of digitized images from the frame memoryin the CLSMto that of an image processor, avoiding the degradation of densitometric data by duplicated A/D and D/Aconversion. These features gave us the opportunity to investigate the properties of the calcium wave during its propagation between isolated guinea-pig ventricular cell pairs.
MATERIALS AND METHODS
(1) System outline ( Fig. 1) . Figure 1 shows a diagram of the CLSMsystem. It consists of five subsystems, a con focal laser scanning apparatus, an inverted microscope (Olympus IMT-2, Japan), an image processor (Nexus 6000, Japan; Imaging Technology Inc. Series 151, USA) and electrophysiological equipment, all of which are controlled by a 32-bit personal computer (Sanyo NBC-18TJ, Japan) using the "C" language and the library of subroutines available for GP-IB and analog-digital interfaces (National Instruments, USA).
The laser beam emitted from an argon laser (7=488 nm, 10 mV)is passed through a beam expander and a dichroic mirror (7=500 nm), and then swung along the X and Y axes by two galvanometer mirrors that correspond to the X and Y scanners, respectively. The laser beam is focused by an objective lens (Olympus SPlan-Apo x 20, NA=0.7), so that it illuminates the specimen as a spot of light 0.85 jum in size along the focal plane and 1.99 /urn along the optical axis. Fluorescence proceeds backwards along the same light pathway, is reflected by the dichroic mirror, and then led to the photomultiplier (PM) through the pinhole to produce a con focal image 50 jum in diameter. A viewing image is generated from the fluorescence intensity data, which are stored in 512x512x8-bit frame memorythrough an A/D converter in the control unit in correspondence with their position in the specimen. The frame memorydata is directly transferred via a specially ordered interface to the image analyzer for image processing and storage. For the purpose of faster scanning, we employed a narrow band scan method, i.e., scanning a narrow zone on a frame corresponding to the cell size along the Y axis. The sequence of sliced images obtained by the CLSMis transferred to the image processor and can simply be used to generate a movie. This process can be performed automatically and rapidly by means of a personal computer. (ll) with minor modifications in the concentrations of collagenase and proteinase used. The equipment for making electrical recordings from these cells and the establishment of whole-cell recording have been fully described in previous publications (16, 17) . All experiments were carried out at 20°C in Tyrode solution (pH 7.3) of the following composition: 2.5 mMCaCb, 134 mMNaCl, 10 mM HEPES (sodium salt), 10 mMdextrose, 4 mMKC1, 0.33 mM NaH2PO4, and 1 mMMgCl2. Cell pairs were loaded with fluo-3 pentapotassium salt for over 5 min by internal per fusion with a micropipette electrode (2.0 mega ohm) filled with 100 juM fluo-3 (Molecular Probes, USA), 135 mM KC1, 2mM MgCl2, 5 mMNaCl, 2 mMMg-ATP, and 10 mMHEPES (sodium salt) (total Na+ =7.5 mM,pH 7.2). after equal spreading of the dye into the cell pair, calcium waves were generated in one of the cells by maintaining the cell membranepotential at 0mV. RESULTS (7) Nonconfocal and confocal images of a quiescent cell. After complete loading with fluo-3, nonconfocal and con focal images were taken of the same cell clamped at -80 mV (Fig. 2) . Con focal imaging showed a virtually uniform fluorescence intensity, but the intensity on the nonconfocal images was not equal between thick and thin areas within the cell. In quiescent cells, the fluorescence intensity was always uniform in con focal images whatever the thickness of the cell. (5)). Kd (the effective dissociation constant) was found to be 347 mM.
(5) Imaging of the calcium wave. Figure 4 shows optically sliced fluorescence images of typical calcium wave propagtion in an isolated cell pair obtained by fast narrow band scanning at 50 msec intervals. After equal spreading of the dye into the cell pair, calcium waves were produced by maintaining the cell membranepotential at 0mV.A wave originated at the left edge of the bottom cell and propagated into the other cell and then to the right side along the long axis. The [Ca2+]i of the quiescent guinea-pig ventricular cell is known to be about 180 nM (16, 17) , and on this basis the concentration of fluo-3 was calculated through the relationship be- voltage, respectively. Kd was calculated to be 347 nM. All procedures were performed at 20°C.
tween concentration and fluorescence intensity (Fig.  3a) . Together with in vitro calibration of the calcium concentration and fluorescence intensity of fluo-3 (Fig.  3c) , the result enabled us to determine the [Ca2+]j of the calcium wave. The pixel brightness represented the were taken from a cell pair by fast narrow band scanning at 50-msec intervals (a). The images were subjected to convolution with a smoothing filter (3 x 3) for random noise reduction. The wave was initiated near the left edge of the bottom cell in the second image (arrowhead) and propagated into the other cell and then to the right side. The border between the paired cells is shown by two arrows in the first image. The velocity (93 ,uin/sec) and profile of the wave were constant. The collision of waves was detected at the center of the top cell in the seventh image (arrowhead). Another calcium wave occurred at the right side of the bottom cell in the eighth image. A diagram of the cell pair is shown in (b). c is a representative profile of the calcium wave at the region shown by the while line the in ninth image of (a). The horizontal axis represents the X coordinates and the vertical axis shows the calcium concentration (nM). The white bar in Fig. 4a represents 30^m. tion of the system. Almost all the cell pairs observed showedsuch calcium wave propagation, but occasionally a calcium wave was initiated in the cell unattached to the micropipette and transmitted to the other partner cell.
DISCUSSION
(/) Temporal resolution of the system. Fast scanning with the galvanometer mirrors allows us to obtain dynamic morphometric and densitometric data on the movements of a living cell. Until now, it has been difficult to obtain depth-discriminated images of the movements of living cells because the CLSMhas required more than 1 second to generate a full frame image. There is much wasted time, however, when the laser light is scanning a specimen. Most of the time, the laser light scans areas other than those of the living cell. Weemployed the narrow band scanning method to limit the area of scanning in the present study. So as to avoid wasting time. After the long axis of a cell is adjusted parallel to the X axis, it takes only a fourth to a sixth of the full frame scanning time to scan the whole cell. However, the wave front appeared to be moving on a slant because the lower-right-hand corner of each image was 50 msec behind the upper-left-hand corner.But, if we choose the line scan mode, each scanning line gave us a profile of calcium concentration within 1 or 2 msec, as illustrated in Fig. 4c . The most serious problem in obtaining a sequence of calcium wave images by CLSMis their quality. The faster the galvanometer mirrors swing, the dimmerand noisier the image becomes. In faster scanning fashion, the fluorescence intensity per pixel decreases because the numberof photons is constant per unit time. Therefore, in the present study we made efforts to increase the number of photons reaching the detector by improving the optical pathway and employing a larger pinhole than usual (50 jum versus 30 /mi). This pinhole size had virtually no effect upon the discrimination capacity along the Z axis of the microscope. There have been reports on the use of fast scanning apparatus other than the galvanometer mirror, such as the polygon mirror (14), the acoustooptic beam deflector (13) and the image dissector tube (3). However, the fluorecence intensity from the living movementsof cells is not sufficient for any photon detector existing at present to obtain noiseless images.
(2) Calibration. The laser scanning system can illuminate only a limited focus volume of a specimen, and the con focal system has the capacity to remove defocused information from the image data. The thickness of a thin-sectioned cell image is always equal to one of the calibration solutions, so the calibration data obtained with EDTA-buffered calcium solutions can be applied to a living cell if the fluorescence originates from an equal volume. In contrast to methods using calcium indicators requiring ratios at two wavelengths such as fura-2 and indo-1, our system makes it possible to perform a stoichiometric analysis even with a single-wavelength measurement by using fluo-3. This indicator dye is suitable for assessing fast [Ca2+]f changes because of its large dissociation and association rate constants (2). The actual [Ca2+]j of isolated heart muscle cells, therefore, could be directly obtained through the fluorescence intensity.
The calibration problem in this method, however, is to determine Fmaxand Fmin for living heart muscle 
